We have studied gain vs. voltage characteristics and position resolutions of multistep capillary plates (two or three capillary plates operating in a cascade), as well as capillary plates operating in a mode where the main amplification occurs in between the capillary plate and the readout plate (parallel plate amplification mode). Results of these studies demonstrated that in parallel-plate amplification mode one can reach both high gains (>10 5 ) and good position resolutions (~100 µm) even with a single step arrangement. This offers a compact amplification structure which can be used in many applications.
I. Introduction
Recently a great interest arose for various hole-type gas multiplication structures: capillaries [1] , capillary plate (CP) [2] and GEM [3] . The main fields of application for these detectors are similar to traditional gaseous detectors (wiretype or parallel-plate type), namely: detection of particles [4] , X-ray and gamma imaging [4, 5] , detection of UV and visible photons [6, 7] . However, hole-type detectors have several important advantages over the "traditional" ones (see [5] for more details). A special place among hole-type detectors belongs to CPs. This is because they are made of glass, which is well suited for the high level of cleanliness necessary for the Gaseous Photo Multipliers (GPM) [7] . Unfortunately, the maximum achievable gain in hole-type detectors including CPs, is usually relatively low, around 10 4 ; this is marginal for the detection of single primary electrons. To boost the maximum achievable gain, a multistep configuration is used; the so-called "cascade mode". This was especially useful for the design of GPMs: only multistep CPs and GEMs allow gains of ≥10 5 to be reached whereas traditional detectors combined with photocathodes sensitive to visible light suffers from feedback even at low gains (~100) [7] . However, in other applications where the feedback is not a problem (detectors without any photocathodes) the same gain could be reached with traditional gaseous detectors, for example with parallel-mesh avalanche chamber (PPAC) [8] . and compare two modes of operation of CPs: the traditional multistep capillary amplification (CA) mode and parallel-plate amplification (PPA) mode, where the main amplification occurs in between the CP and the readout plate. Our experimental set up contains essentially a gas chamber with a CaF 2 window, inside of which a single CP or a cascade of CPs could be installed see Fig.1(a,b,c) . The CPs, which were used in our measurements, had a sensitive area of 20 mm in diameter, a thickness of 0.8 mm and a diameter of capillaries of 100 µm [10] . Most of the CPs had a resistivity of > 10 15 Ω between the electrodes, but we also tested several H 2 treated capillaries with resistivities of 10 10 Ω between the electrodes. In measurements for the CP's gain and electron extraction efficiency we used a metallic collecting electrode placed 0.5-2mm below the last CP (CP-2 in Fig.1(a) For the position resolution measurements, the readout plate was made of a Pestov glass plate placed 0.5 mm or 1 mm below the last CP. The inner and outer surfaces of the Pestov glass were coated with metallic strips of a 50 µm pitch. To separate the CPs from each other or from the readout plate, special ceramic or G10 rings were used. Due to the careful design of these rings we were able to apply voltages in between the CPs of up to a few kV. This allowed us to test the CPs in two basic modes: CA and PPA. Since our present studies were mainly oriented on the optimization of the GPM, in most of the measurements the CPs were combined with CsI photocathodes and UV light was used to create primary electrons. CsI photocathodes were chosen for these studies because in contrast to other photocathodes (for example SbCs), they can be exposed to air without a significant drop in their quantum efficiency. This feature dramatically simplified the experimental studies: the test chamber could be opened to air many times and necessary changes and modification could be done inside. Depending on particular measurements two types of CsI photocathodes were used: reflective and semitransparent. The reflective photocathode was mostly used in studies of the single and double CPs operating in CA mode. In this case, inside the chamber and close to the entrance window a mesh (let's call it a "drift mesh") was installed. In additional to this, at midway in the gap, between the drift mesh and CPs (~1cm), a GEM was installed. The upper electrode of the GEM ("GEM top") was coated by a CsI layer, 400 nm thick. The semitransparent photocathode was mostly used for studies of triple CPs , for the position resolution measurements and in studies of the PPA mode. In this case the GEM was removed and 2 mm above the upper CP a CaF 2 disc was installed. The surface of the CaF 2 facing the CP was coated with a thin layer of Cr and a 20 nm thick CsI layer As an UV source, depending on measurements, either a pulsed H 2 (duration of the pulse a few ns) lamp or a pulsed (~1 µs) corona discharge in air were used. UV light created primary electrons from the CsI photocathodes, which were then injected to the CPs. Pulses produced by UV sources were detected by charge-sensitive amplifiers. A system of calibrated neutral density filters was often used to attenuate the UV beam on several orders of magnitude. Experiments with CPs were performed in various gases, Ar, Xe and Kr-based mixtures with 5-20% of various quenchers: CH 4 , CO 2 and isobutane at a total pressure of 0.2-1atm. The gains of the CPs and the extraction efficiency of the charge from the capillaries were measured by the following procedure (see [9] for more details). First we electrically connected together all electrodes of the CPs and measured the signal, produced by electrons extracted from the CsI photocathode (GEM's top electrode). The absolute value of this signal (we call it the "injection signal") Q inject could be changed in a controllable way on the order of magnitudes (by changing the GEM voltage, the voltage drop between the GEM anode and the cathode of the CP-1 as well as with the help of neutral density filters). After adjusting the injection signal to a desired value, we performed a series of measurements allowing us to determine the gain of the capillaries and the extraction efficiency. For example, to measure the gain of the CP-1 as a function of applied voltage, we connected the top electrode of the CP-1 to the HV power supply and kept all other CPs electrodes electrically connected together and the signal was read out via a charge sensitive amplifier. Then at a fixed voltage drop over the GEM and between the GEM anode (GEM bottom) and the cathode of the CP-1 (CP-I top) we 0-7803-8257-9/04/$20.00 © 2004 IEEE.measured the signal Q meas on the CP-1 bottom as a function of the voltage drop over the CP-1. The measured signal was the sum of two signals: one was the induced signal through the CP parasitic capacitor (capacitive coupling) Q induced and the other a real signal due to the electron extraction and/or multiplication Q mult : Q meas = Q induced +Q mult . For our CPs the signal Q induced =const=0.1 Q inject , so in gain measurements it could be neglected. Thus the gain was A=Q meas /Q inject . Some results of the gain measurements are presented in Fig.2 (see also [9] ). One can see that gains up to 10 4 were possible to achieve with a single CP. By a similar procedure to the one described above we were also able to measure the electron extraction efficiency from the CP-I to the CP-2. For this all electrodes of CP-2 were connected together and to the charge sensitive amplifier and we measured the signal as a function of the voltage drop between the CP-1 bottom and CP-2. As an example, Fig. 3 shows the extraction efficiency measured in Ar + 10%CH 4 at P=200 Torr and 1 atm. Finally, we measured the total gain of two CPs operating in cascade mode. Usually, for equal voltage drop on the CP-1 and CP-2, gains up to 10 times higher were safely (without any sparks) achieved with two CPs operating in tandem compared to a single one (see Fig. 2 and [9] ). However, stable operations at gains of more than 4*10 4 were difficult to achieve due to sparks and their propagation from one CP to another. Overall gains of ~10 5 were achieved only when the voltage drop on the CP-2 was higher than on CP-1. Some results of gain measurements at such voltage setting are indicated in Fig. 3 . At this condition it was possible to observe pulses from the CP-2 produced by single photoelectrons extracted from the CsI photocathode. Results of measurements of the charge extraction from CP-1 to the CP-2 as a function of the voltage between CPs (see also [9] ). Diamonds -signal of the CP-1 bottom. Squares -signal from the CP-2 top at P=200 Torr. Triangles -signal from the Cp-2 top at P=1 atm.
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III.1.2 TRIPLE CAPILLARIES. GAIN AND POSITION RESOLUTION MEASUREMENTS
For the study of triple capillaries operating in tandem, due to the high overall gain, the GEM-based electron injector was not necessary. In this case we used a simpler set up: the GEM was removed and replaced by the CaF 2 disc with a semitransparent CsI photocathode (see Fig. 1.(b) ). The disc was placed 2 mm above the CP-1. As a UV source, we used a corona discharge in the air. The small size of the corona discharge (<1mm) allowed us to perform very accurate position resolution measurements. The corona discharge could operate both in a continuous and in a pulsed mode. The procedure of gain measurements in the pulsed mode was similar to the one described in the previous sections. Some our results are presented in Fig. 2 . At equal voltage drops over the CP-1, CP-2 and CP-3, gains 20 times higher were safely (without any sparks) achieved with three CPs in tandem compared to a single one. In an optimized case when the voltage drop over the CPs was gradually increased from the CP-1 to the CP-3, gains 50 times higher than with a single CP were stably achieved. Thus the overall gain of three CPs operating at optimized voltage settings, was close to 10 6 . For position resolution measurements we replaced the metallic collecting electrode with the Pestov glass plate covered with metallic strips. This readout plate was placed 0.5 mm below the CP-3. A screen with a hole of 30 µm in diameter was put in direct contact with the CaF 2 disc. The corona discharge source was moved far away enough (~20 cm) from the screen to avoid any geometric smearing effects. Fifteen central strips facing the hole were connected to individual charge sensitive amplifiers. This allowed us to measure the induced charge zone on the readout strips. Some results are presented in Fig.4 . As one can see, the FWHM of this distribution is about 0.5 mm. Note that the size of the induced charge is directly related to the position resolution. The size of the induced charge signal becomes critical at high rate operation because in this case: 1) a pileup of pulses is possible, 2) it is difficult to apply a center of gravity method online
III.2 Measurements in PPA Mode
As it was mentioned in the introduction, the goal of this work was to compare a usual CA mode with the PPA mode. For measurements of gain and position resolution in PPA mode we used the set up described above (see Fig. 1b) ; only a slight modification was made: the CP-1 and CP-2 were removed and the CaF 2 window and the readout plate were moved closer to the remaining CP-3 (on distances 2 and 0.5 mm respectively) see Fig. 1.(c) . Gain measurements were performed with the corona discharge operating either in a current or in a pulsed mode. Photoelectrons extracted from the semitransparent CsI 0-7803-8257-9/04/$20.00 © 2004 IEEE.
photocathode were directed by the electric field to the CP. The voltage drop over the CP was kept at about 0.7-1 kV to ensure full transparency for the drifting through primary electrons (without any multiplication inside the capillaries). The multiplication occurred in between the CP and the readout plate, where voltages up to 3 kV was possible to apply. The procedures of the gain and the position resolution measurements were similar to ones described in section III.1. Some of our results are presented in Fig. 2 . As one can see, gains of ~ 10 5 were easily achieved in a single-step multiplication mode. In some gases, for example Ar+isobutane even a single electron peak was possible to observe, which is essential for detection of UV and visible photons. No feedback pulses were observed up to gains of 10 5 . The FWHM of the induced charge zone on the readout strips was extremely narrow, 0.07 mm. Thus PPA mode may offer a simple and compact detector design being able to operate at high gains with a very good position resolution.
III.3 Results with X-rays
In several of the early works [2, 11, 12] CPs were used for detection of X-rays photons. In these works X rays were absorbed in a gas drift volume and the created primary electrons were amplified inside the capillaries. In the recent work [5] CPs coated with CsI layers were used also as X-ray converters. Primary electrons extracted from the CsI layer drifted through capillaries without any amplification, extracted from the capillary holes and directed to the independent amplification structure. As was shown in [13] , the maximum achievable gain of CPs and PPACs for UV and X-ray photons may be different. Thus it will be interesting to compare the maximum achievable gain achieved with UV and with X-ray for both CA and PPA modes of operation. For measurements in the CA mode we use a set up as shown in Fig. 1(a,c) , but without any GEM. The space between the drift mesh and the CP-1 (about 1 cm) was used as an absorption/drift region for X-rays. For measurements in PPA mode the set up was similar to the one shown in Fig. 1(c) , but without any CaF 2 disc. The drift space was reduced to 1 mm. In some comparative studies a CP coated with CsI was used as well [5] . In this case the drift mesh was put in direct contact with the CP-1top surface. In all of the measurements the Pestov-glass plate with metallic strips was used. For gain measurements, all strips were connected to one single chargesensitive amplifier. For position resolution measurements, UV and X-ray beams collimated to 30 µm were used. In this case, 15 strips facing the collimated beam were connected separately to 15 charge-sensitive amplifiers. Results obtained with X-rays were qualitatively similar to ones obtained with the UV (see above). Fig. 2 shows gain vs. voltage curves for two modes: the CA and the PPA. As one can see, gains up to ~10 5 were possible in three steps. Fig. 3 shows some results of position resolution measurements.
One can see that in the case of the PPA mode the size of the induced charge zone was much narrower that in the case of CA mode (see [12] for comparisons). 
IV. DISCUSSION
The obtained results clearly demonstrate that PPA mode offers a higher gain in one step and a better position resolution. It is known [7] that if micropattern gaseous detectors are combined with photocathodes the maximum gain may be limited by photon and ion feedback processes. In this case the maximum achievable gain A f is determined by A f γ=1, where γ is the probability of secondary electrons appearing due to the feedback mechanisms. Usually A f >A R -the maximum gain achieved without photocathodes (A R is determined by a Raether limit [13] ). However, in the case of PPA mode, due to efficient feedback suppression by capillaries, A f~AR even when the detector was combined with the CsI photocathode. This approach may offer simple and compact detectors of UV and X-ray photons. Based on the obtained results one can also expect that in the case of CPs coupled with a photocathode sensitive to visible light a combination of CA and PPA modes looks like a very attractive way to reach high gains (see [14] ). Besides the maximum achievable gain, the other important issue is the position resolution of the CP-based gaseous detectors. In the case of UV light, the size of the induced charge zone was significantly smaller for the PPA mode. This was because the charge in the avalanche exponentially grew with the distance from the anode and thus, the maximum induced signal was when the avalanche was close to the readout-strip. As a result, the size of the induced charge zone was significantly smaller than in the case of electron cloud drifting to the readout plate without any multiplication. In the case of X-rays, the size of the induced charge zone is determined by the range of photoelectrons. The last one, depending on photon energy, may be rather large and reach several mm. In this case, to improve the position resolution analog interpolation methods should be used. Unfortunately there could be some difficulties, to implementing this method at high counting rates (close to or above 10 5 Hz/mm 2 ) due to signal pile-ups and on line electronics speed limitations. On the other hand, in some applications where the energy resolution is not very important, one can use CP as a converter of X-ray photons to primary electrons. Two options were experimentally tested: conversion of X-rays in gas volume inside the capillaries and conversion in capillary surfaces coated with an CsI layer. In both cases a position resolution of 250-300 µm was easy to achieve.
V. CONCLUSIONS AND OUTLOOK
Performed studies allowed us to optimize the design of GPM with CsI photocathodes as well as X-ray detectors using CPs as X-ray converters. In particular, it was found that PPA mode offers both: high gas gains and high position resolutions. Special benefits may exist when CPs operate in a combined modes of both CA and the PPA. Results of these studies could also be useful for the optimization of other CP-based detectors, for example: portal imaging [5] , X-ray and γ polarimeters.
